Review: Regional land subsidence accompanying

groundwater extraction
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Abstract The extraction of groundwater can generate
land subsidence by causing the compaction of suscep-
tible aquifer systems, typically unconsolidated alluvial
or basin-fill aquifer systems comprising aquifers and
aquitards. Various ground-based and remotely sensed
methods are used to measure and map subsidence.
Many areas of subsidence caused by groundwater
pumping have been identified and monitored, and
corrective measures to slow or halt subsidence have
been devised. Two principal means are used to mitigate
subsidence caused by groundwater withdrawal—
reduction of groundwater withdrawal, and artificial
recharge. Analysis and simulation of aquifer-system
compaction follow from the basic relations between
head, stress, compressibility, and groundwater flow
and are addressed primarily using two approaches—
one based on conventional groundwater flow theory
and one based on linear poroelasticity theory. Research and
development to improve the assessment and analysis
of aquifer-system compaction, the accompanying sub-
sidence and potential ground ruptures are needed in
the topic areas of the hydromechanical behavior of
aquitards, the role of horizontal deformation, the
application of differential synthetic aperture radar
interferometry, and the regional-scale simulation of
coupled groundwater flow and aquifer-system deforma-
tion to support resource management and hazard
mitigation measures.
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Introduction

The term land subsidence includes both gentle down-
warping and the sudden sinking of discrete segments of
the ground surface. Displacement is principally down-
ward, though associated horizontal deformation often has
significant damaging effects. The extraction of ground-
water plays a direct role in land subsidence by causing the
compaction of susceptible aquifer systems (Fig. 1). Sub-
sidence accompanying the extraction of fluids such as
water, crude oil and natural gas from subsurface forma-
tions perhaps is the best understood of all causes of land
subsidence—anthropogenic and natural. Many areas of
subsidence caused by pumping of subsurface fluids have
been identified, surface and subsurface changes have been
monitored, and corrective measures have been devised.
Decades ago, the topic of “land subsidence due to fluid
withdrawal” was reviewed by Poland and Davis (1969).
“Land subsidence” in general was included in the
United Nations Educational, Scientific and Cultural
Organization (UNESCO) program of the International
Hydrological Decade, 1965-1974. During the Decade,
UNESCO organized the 1st International Symposium on
Land Subsidence. In 1975 UNESCO formed the Working
Group on Land Subsidence that subsequently produced
the Guidebook to Studies of Land Subsidence Due to
Ground-water Withdrawal (Poland 1984). Eight interna-
tional symposia on land subsidence have been convened.
Proceedings of the symposia comprise numerous scientific
papers covering the various types of subsidence identified
throughout the world (Tison 1969; IAHS 1977; Johnson et
al. 1986; Johnson 1991; Barends et al. 1995; Carbognin et
al. 2000; Zhang et al. 2005; Carreén-Freyre et al. 2010)
and constitute a rich source of research and case study on
subsidence attributed to groundwater extraction. Other
useful compilations provide important information on
subsidence caused by groundwater extraction (including
Holzer 1984a; Singh and Saxena 1991; Prince et al. 1995;
Prince and Leake 1997; Borchers 1998; Galloway et al.
1999; Prince and Galloway 2003, and Galloway et al.
2008). Gambolati et al. (2005) present an excellent
overview of the occurrences, measurement, mechanisms,
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Fig. 1 Photo taken at approximate location of maximum measured
subsidence in the San Joaquin Valley near Mendota, California.
Land surface subsided approximately 9 m from 1925 to 1977
attributed to aquifer-system compaction caused by groundwater
withdrawal. Signs on the pole are positioned at the approximate
former elevations of the land surface in 1925 and 1955. Pictured is
Dr. J.F. Poland; photograph by R.L. Ireland, USGS, ca. 1977

Sl

prediction and remediation of anthropogenic land sub-
sidence caused by the removal of subsurface fluids
(groundwater, oil and gas).

The Panel on Land Subsidence of the US National
Research Council (1991) recognized three information
needs to improve subsidence mitigation: “First, basic
earth-science data and information on the magnitude and
distribution of subsidence [...] to recognize and to assess
future problems. [...] Second, research on subsidence
processes and engineering methods for dealing with
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subsidence [...] for cost-effective damage prevention or
control. [...] And third, although many types of mitigation
methods are in use in the United States, studies of their
cost-effectiveness would facilitate choices by decision
makers.” Mitigation measures have been taken in many
subsidence-affected areas. The two principal methods used
to mitigate subsidence in these areas may be summarized
simply as (1) reduction of groundwater withdrawal
through conjunctive use, conservation, and regulation;
and (2) artificial recharge of groundwater (Poland 1984).
Where these methods have been put into practice, detailed
hydrogeologic studies, subsidence monitoring and map-
ping, and generally analysis and simulation of subsidence
preceded their implementation. This paper presents an
extensive review of subsidence research and applications
pertaining to aquifer-system compaction that accompanies
the extraction of groundwater. The review addresses the
first and second information needs identified by the Panel
on Land Subsidence.

Detection and assessment

Subsidence caused by groundwater withdrawal and
compaction of susceptible aquifer systems often is a
subtle phenomenon. The problem of detection in regional
land subsidence is compounded by the large areal scale of
the elevation changes and the requirement for vertically
stable reference marks—bench marks—Ilocated outside
the area affected by subsidence. Two types of ground
motion typically occur in susceptible aquifer systems—
deformation, and ground failures. Deformation in the form
of vertical and horizontal displacement of the land surface
is the principal hazard associated with groundwater
extraction. Ground failures such as earth fissures and
surface faults are associated with areas of differential
(vertical) ground displacement (Holzer 1984b) and both
horizontal and vertical deformation of the aquifer system
which may not be associated with differential (vertical)
ground displacement (Helm 1994; Sheng et al. 2003).

Ancillary or anecdotal information that suggests
subsidence may be occurring often is useful and
pertinent to regional-scale subsidence processes espe-
cially where the subsidence is subtle. Some types of
ancillary/anecdotal information that have proven useful
in identifying susceptible groundwater basins include
increased incidence of damaged wells—protruding and
(or) collapsed well casings; repeat adjustments to local
geodetic controls; riverine or coastal flooding; convey-
ance and drainage problems; and ground failures
(Galloway et al. 2008, pp. 60-67).

Subsidence assessments typically address the spatial
changes (magnitude and direction) in the position of land
surface, and the process causing the subsidence. Measur-
ing and monitoring subsidence is critical to constrain
analyses and forecasts of future subsidence. Computer
models of aquifer-system deformation, constrained by the
available data, often are used to assess present and
potential future hazards.
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Measurement, mapping and monitoring

Various methods are used for measuring and mapping
spatial gradients and temporal rates of regional and local
subsidence and horizontal ground motion (Galloway et al.
1999). The methods generally measure relative changes in
the position of the land surface. The observable position
typically is a geodetic reference mark that has been
established so that any movement can be attributed to
deep-seated ground movement rather than surficial effects.
Land subsidence has been measured using repeat surveys of
bench marks referenced to a known, and presumed stable,
reference frame. In many affected areas an accurate assess-
ment has been hindered or delayed by the lack of a
sufficiently stable vertical reference frame (control). Table 1
shows some fairly recent measured subsidence rates (local
maxima) for select locations throughout the world.

Ground-based geodetic surveys and techniques

Before the advent of the satellite-based global positioning
system (GPS) in the 1980s, the most common means of
conducting land surveys involved either the theodolite
(used to precisely measure vertical and horizontal angles)
or, since the 1950s, geodetic distance meters (electronic
distance measuring devices, or EDMs). If only vertical
position were sought, differential leveling (using auto-
matic levels and graduated rods or digital levels and bar-
scale reading rods) has been the method of choice. When
surveying to meet the standards set for even the lower
orders (second and third) of accuracy in geodetic leveling,
10—-15 mm changes in elevation routinely can be measured
over distances of kilometers and 1-2 mm of elevation
change over a few kilometers can be obtained with the
highest quality (first order) of leveling. When the length of
the survey is small (about 10 km or less) differential
leveling still is commonly used because it can be both
accurate and economical. However, proven high quality
(first-order) leveling is tedious, time-consuming, and
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costly. Large regional networks may warrant use of GPS
or airborne and space-based geodetic surveys. If more
precise and accurate measurements of change are needed
on a local scale, extensometers may be used. If more
spatial detail is required over short distances, tripod-
mounted LiDAR (light detection and ranging), and
ground-based differential interferometry using real aper-
ture radar (Werner et al. 2008) and synthetic aperture radar
techniques (Leva et al. 2003) may be used. Optical
techniques using combined fringe projection and speckle
photography on bench-scale laboratory models of deform-
ing earth materials show promise in elucidating three-
dimensional (3D) deformation processes in granular media
(Barrientos et al. 2008). Details on the ground-based
interferometric and the bench-scale optical techniques are
not covered further in this review.

Precise differential leveling
Historically, the elevation of bench marks at land surface
commonly has been determined using precise differential
leveling. Procedures or specifications are described in
detail in the National Oceanic and Atmospheric Admin-
istration (NOAA)’s Manual NOS NGS 3, Geodetic
Leveling (Schomaker and Berry 1981). Once a monitoring
network of bench marks has been established and
surveyed, repeat surveys at later dates show the location
and magnitude of vertical movement if any has occurred.

Typically, the monitoring network is designed to cover
the known or suspected subsiding area, and includes
stable reference marks that are part of a broader regional
geodetic control network. Spacing of bench marks
normally is as much as about 1,600 m, but typically is
much smaller in areas of special interest. Details on
installation and protection of bench marks are available in
NOAA Manual NOS NGS 1, Geodetic Bench Marks
(Floyd 1978).

Traditionally, in bench mark surveys of subsiding areas,
leveling has been done to first or second order standards,

Table 1 Recent measured subsidence rates for select locations. Rates represent the local maximum measured rate for the specified period

Location Rate (mm/yr) Period Measurement method Source

Bangkok, Thailand 30 2006 Leveling Phien-wej et al. (2006)
Bologna, Italy 40 2002-2006 Differential interferometry Bonsignore et al. (2010)
Changzhou, Peoples Republic of China 10 2002 Leveling Wang et al. (2009)
Coachella Valley, California, US 70 2003-2009 Differential interferometry Sneed (2010)

Datong, Peoples Republic of China 20 2004-2008 Differential interferometry Zhao et al. (2011)
Houston-Galveston, Texas, US 40 1996-1998 Differential interferometry Buckley et al. (2003)
Jakarta, Indonesia 250 1997-2008 Global positioning system Abidin et al. (2009)
Kolkata, India 6 1992-1998 Differential interferometry Chatterjee et al. (2006)
Mashhad Valley, Iran 280 2003-2005 Differential interferometry Motagh et al. (2007)
Mexico City, Mexico 300 2004-2006 Differential interferometry Osmanoglu et al. (2011)
Murcia, Spain 35 2008-2009 differential interferometry Herrera et al. (2010)
Phoenix-Scottsdale, Arizona, US 15 2004-2010 Differential interferometry ADWR (2011)

Saga Plain, Japan 160 1994 Leveling Miura et al. (1995)
Semarang, Indonesia 80 2007-2009 Differential interferometry Lubis et al. (2011)
Tehran Basin, Iran 205-250 2004-2008 Differential interferometry Dehghani et al. (2010)
Tokyo, Japan 40 1988-1997 ? Hayashia et al. (2009)
Toluca Valley, Mexico 90 2003-2008 Differential interferometry Calderhead et al. (2010)
Yunlin, Republic of China 100 2002-2007 Leveling Hung et al. (2010)
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although third order standards also have been used. First
order class I leveling is double run and requires that the
allowable discrepancy between section (backward and
forward lines) misclosures does not exceed 3vE mm
where E is the shortest one-way length of the section line
in kilometers (Federal Geodetic Control Committee 1984,
sect. 3.5, pp. 3-8). Second order class I leveling requires a
closure error not to exceed 6/E mm and generally costs
less per kilometer than first order class I surveys. Partly
because of the difference in cost between first-order
leveling and second-order leveling, it is common practice
in resurveying a network in a subsiding area to select
principal lines for first-order re-leveling and secondary
lines for second-order re-leveling. It is extremely impor-
tant that ties to “stable” ground, for example consolidated
sediments or bedrock, be included in the first-order
leveling.

Any procedures that reduce loop closing time are
beneficial in order to minimize the effects of land-surface
elevation changes occurring during the survey. The time of
year when the leveling is done is important in a heavily
pumped basin, for example, one where local annual
fluctuations of hydraulic head are 10-30 m. Commonly
drawdowns occur in the spring and summer and recov-
eries occur in the autumn and winter when withdrawal is
less. Hence, applied stresses are much greater in the
summer than in the winter, and the full annual compaction
of the aquifer system may occur in 5-6 months. In such
areas, leveling optimally is accomplished during or
immediately following the period of recovering hydraulic
heads when compaction and subsidence are minimal.

Global positioning system (GPS)

A revolution in surveying and measurement of crustal
motion occurred in the early 1980s when tests of the
satellite-based NAVSTAR global positioning system
(GPS) showed that it was possible to obtain 1 part in 1
million precision between points spaced from 8 to more
than 40 km apart. GPS uses signals from at least four
Earth-orbiting satellites to determine approximate absolute
(i.e. non-differential) positions of an autonomous receiver.
For differential geodetic surveys GPS observations col-
lected simultaneously at two receivers—one receiver may
be a continuous global positioning system—CGPS station,
for example CORS (continuously operating reference
stations; see NOAA 2011) are used to compute a precise
baseline between the receivers (in real time if appropriate
communication exists between the two receivers). Given
the known location of the CGPS (or base station), the 3D
position of the roving receiver can be determined by
adding the observed baseline vector to the known
position. Since 17 July 1995, NAVSTAR GPS has been
operational with a full constellation of 24 satellites, and in
North America provides essentially continuous coverage
with nominally at least six satellites in view at all times.
The GPS satellites are referenced to the World Geodetic
System of 1984 (WGS 84) ellipsoid. GPS positioning
routinely determines ellipsoid heights (position above

Hydrogeology Journal (2011) 19: 1459-1486

below the reference ellipsoid) and elevations (orthometric
heights—distance between Earth’s surface and the geoid, a
reference surface which approximates mean sea level) are
obtained from ellipsoid heights and geoid heights (differ-
ence between the reference ellipsoid and geoid). Guide-
lines for establishing GPS-derived ellipsoid heights at the
20- and 50-mm levels are described by Zilkoski et al.
(1997) and guidelines for establishing GPS-derived
orthometric heights are described by Zilkoski et al. (2008).

In land-subsidence and other crustal-motion surveys, the
relative and absolute 3D positions of reference marks can be
determined using GPS. Geodetic networks of reference marks
can be surveyed and resurveyed in this fashion. Such a
network, one of the first of its kind designed specifically to
monitor land subsidence caused by groundwater extraction,
was established in the Antelope Valley, Mojave Desert,
California in 1992 (Fig. 2; Ikehara and Phillips 1994) to
determine the subsidence of previously leveled bench marks
and to enable precise measurement of points separated by tens
of kilometers for future subsidence monitoring. Other large
GPS-based geodetic networks for subsidence monitoring in
the US have been established in Albuquerque, New Mexico
(C. Heywood, US Geological Survey, personal communica-
tion, 2003); the Avra Valley and the Tucson basin, Arizona
(Carruth et al. 2007); Houston-Galveston area, Texas
(Zilkoski et al. 2003); Las Vegas, Nevada (Bell et al. 2002);
the Lower Coachella Valley, California (Sneed and Brandt
2007); and the Sacramento-San Joaquin Delta, California (M.
Ikehara, NOAA, personal communication, 2008). GPS
surveying also is a versatile exploratory tool that can be used
in rapid kinematic or rapid static mode to quickly and coarsely
define subsidence regions, in order to site more precise, site-
specific and time-continuous measurement devices such as
recording extensometers, tiltmeters and CGPS.

One of the strengths of GPS is the ability to measure
both horizontal and vertical movements. Subsidence and
uplift associated with managed subsurface fluid produc-
tion and storage practices is accompanied by measurable
horizontal movements in the Earth’s crust. If the points are
on the margin of a subsidence/uplift feature, then the ratio
of wvertical to horizontal motion may be nearly 1:1
(Bawden et al. 2001). For example, in the San Gabriel
Valley in southern California, groundwater pumping
pulled nearby CORS inward toward the region of
maximum drawdown (Fig. 3), and record rainfall in the
same region in the winter-spring 2005 produced more than
4 cm of uplift with greater than 1 cm of radial outward
motion of the nearby CORS (King et al. 2007). Burbey et
al. (2006) used vertical and horizontal GPS measurements
during a 60-day aquifer test to show that a single value of
lateral permeability anisotropy for the aquifer rather than a
trending anisotropy can yield different angles of deforma-
tion (combinations of radial and tangential) as a function
of radial distance from the pumping well.

Tripod LiDAR
Ground-based Tripod Light Detection and Ranging (T-
LiDAR) is a portable remote sensing instrument that uses
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Fig. 2 Geodetic network used to measure historical subsidence in 1992 in Antelope Valley, Mojave Desert, California. Results from the
geodetic surveys and conventional leveling surveys showed a maximum subsidence of about 2 m; more than 500 km? had subsided more
than 0.6 m since about 1930 (Ikehara and Phillips 1994). Modified from Galloway et al. (1999; p. 145)

an infrared laser to scan the landscape and generate very
detailed (centimeter to sub-centimeter) and accurate 3D
digital models of the scanned target at distances from 2 to
2,000 m (G. Bawden, US Geological Survey, personal
communication, 2010). More than 7 million point-position
measurements per hour can be made depending upon the
particular T-LiDAR system; scan rates, data densities, and
point positional errors vary among the different systems. A
full 3D image is obtained by scanning a target from multiple
directions to characterize all sides of the target area and to
minimize shadowing. T-LiDAR scans imaged from different
vantage points are aligned and combined through an
algorithm that computes a best-fit surface through the
individual points in each scan and then minimizes the misfit
between common surfaces in each scan.

Changes in the position of the land surface or a structural
feature can be obtained through differencing of precisely
aligned T-LiDAR images collected at different times, known
as Differential LiDAR (Dif-LiDAR). There are two
approaches for Dif-LiDAR analysis: absolute and relative.
Absolute Dif-LiDAR measures land-surface change by differ-
encing two LiDAR datasets that are georeferenced using the
GPS. This approach produces the best information of land-
surface change, but requires additional field equipment and
time for GPS data collection and processing and may be

Hydrogeology Journal (2011) 19: 1459-1486

unnecessary for some scientific applications. Alternatively,
relative Dif-LiDAR applies the same best-fit surface-match-
ing algorithm used in the alignment of an individual scan to
common ‘stable’ regions outside of the area of interest that is
changing. This approach is ideal for resolving very detailed
spatial changes within a well-defined deformation zone or
imaging change in a subset of a larger dataset where absolute
positioning is not required. For example Dif-LiDAR could be
used to measure 3D movement of infrastructure across
deforming boundaries such as ground failures associated with
aquifer-system compaction (Densmore et al. 2010). Dif-
LiDAR can resolve the relative 3D displacement field,
rotation, localized tilt, and translation within the scanned
region, but requires GPS ground control to uniquely measure
these parameters for the data block as a whole and to reference
the measurements to a global reference frame. T-LiDAR is an
ideal technique for measuring spatial and temporal changes in
regions that are actively deforming, but the technique may be
too labor intensive for characterizing subsidence features at
scales greater than a few square kilometers.

Extensometry
Vertical borehole extensometers are used to measure the
continuous change in vertical distance in the interval

DOI 10.1007/s10040-011-0775-5
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Fig. 3 Horizontal GPS displacement vectors for the Upper San
Gabriel Valley, California. Groundwater levels in the valley declined
about 3.5 m between May and October 1999 corresponding with
approximately 12 mm of land subsidence (Bawden 2002). The
neighboring continuously operating reference stations (CORS) vyas
and [phs are pulled inward towards the zone of maximum
subsidence which generally corresponds with the drawdown cone.
The generally southwest-trending horizontal motion of the other
CORS during this period is attributed to regional tectonic processes
(Bawden et al. 2001). Modified from G. Bawden, US Geological
Survey, personal communication, 2008)

between the land surface and a reference point or “subsur-
face bench mark™ at the bottom of a deep borehole (Lofgren
1969; Riley 1986). If the subsurface bench mark is
established below the base of the compacting aquifer system
the extensometer can be used as the stable reference or
starting point for local geodetic surveys. The deformation
history generated by a borehole extensometer provides the
basis for stress-strain analysis and modeling that constrains
the material properties governing compaction of the aquifer
system (see section Analysis and simulation).

Several types of early borehole extensometer designs
are presented in Poland (1984). The anchored cable and
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pipe (free standing and counterweighted) extensometers
have been used widely in a number of successful
subsidence investigations. More recently, dual-stage coun-
terweighted pipe extensometers (Fig. 4) have been used to
measure compaction simultaneously in two depth intervals
(e.g., Heywood 1993; Metzger et al. 2002; Wildermuth
Environmental, Inc. 2006). Counterweighted pipe extens-
ometers are capable of measurement resolutions of 0.01—
0.1 mm (Riley 1969).

Multiple position borehole extensometers (MPBXs)
that incorporate markers anchored to the formation bore-
hole have been used effectively to monitor subsidence
caused by groundwater extraction. Magnetic markers have
been used in the Republic of China (ROC; Liu et al. 2004;
Hwang et al. 2008) to compute vertical displacements in
boreholes using repeat borehole logging with magnetic
sensors on calibrated lines or tapes to measure temporal
changes in marker positions. This method is capable of
monitoring ten to several tens of marker positions in a
single borehole at measurement resolutions of about
1-2 mm over depths of several hundred meters. The
magnetic marker technique used in the ROC studies
suggest that despite its poorer measurement resolution
versus the counter-weighted pipe extensometer, this
technique is suitable for monitoring seasonal and inter-
annual inelastic and elastic deformation in many vertical
intervals, and can be used to compute material properties
based on the observed stress-strain behavior in portions of
the aquifer systems undergoing sufficient deformation.
Recent developments include fiber-optic sensors deployed
in boreholes at multiple depths to measure compaction
accompanying the extraction of natural gas dissolved in
groundwater (Kunisue and Kokubo 2010). More applica-
tions of these techniques are warranted in many subsidence
affected aquifer systems.

Several kinds of horizontal extensometers are used to
measure differential horizontal ground motion at earth
fissures caused by changes in groundwater levels
(Carpenter 1993). Buried horizontal extensometers con-
structed of quartz tubes or invar wires are useful when
precise, continuous measurements are required on a
scale of 3-30 m. Tape extensometers measure changes across
inter-monument distances as much as 30 m with repeatability
of approximately 0.3 mm. The tape extensometer is used in
conjunction with geodetic monuments specially equipped
with ball-bearing instrument mounts, which can serve as
both horizontal and vertical control points. Arrays or lines of
monuments can be extended for arbitrary distances, usually
in the range of 60—180 m.

Remotely sensed geodetic surveys and techniques

Airborne and space-based geodetic techniques that can
measure changes in the land-surface position have
significantly advanced over the past two decades with
the development of satellite-borne differential interfero-
metric synthetic aperture radar (InSAR) and airborne
LiDAR techniques. The InSAR techniques can measure
sub-centimeter ground displacements at high spatial detail

DOI 10.1007/s10040-011-0775-5
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Fig. 4 Schematic of counter-weighted, two-stage, borehole pipe extensometer, Lancaster, California. The extensometer measures vertical
displacement in two depth intervals in the aquifer system. The displacement is measured as movement of the pipe relative to the reference
table and reflects shortening (subsidence) or lengthening (uplift) of the distance between the shallow-seated piers and the anchor depths of
the pipe extensometers. Modified from Galloway et al. (1999, p. 146)

(10-100 m resolution) over regions spanning 10%-—
10° km?, but are limited to measuring changes in the
line-of-sight distance between the ground and satellite,
which are most sensitive to vertical motion if the radar
look angle is less than 45° from the vertical. LiDAR
imagery can be used to map larger-scale deformations
using repeat airborne LiDAR techniques. The LiDAR
discussed here for detecting surface elevation change is
the ‘spot comparison method’. An alternative processing
technique that focuses on the shape of LiDAR multi-
modal waveforms using the ‘return pulse correlation’
method (Hofton and Blair 2002) has advantages for
detecting surface elevation change in vegetated areas and
is not discussed here.

InSAR

Satellite InSAR is ideally suited to measure the spatial
extent and magnitude of surface deformation associated
with aquifer-system compaction. Two classes of InSAR
techniques—firstly, single interferometric processing or
conventional, coherent techniques, referred to here as
conventional InSAR and secondly, multi-interferometric
processing techniques such as the persistent-scatterer
interferometry (PSI) and small baseline subset (SBAS)
techniques, are used to map, monitor, and analyze
subsidence. By identifying specific areas of deformation
within broader regions of interest, INSAR also can be used

Hydrogeology Journal (2011) 19: 1459-1486

to site and coordinate other local and regional-scale
subsidence monitoring. For many areas, a substantial
satellite synthetic aperture radar (SAR) data archive exists
for the period 1991—present (ENVISAT; ERS-1, 2; JERS-1;
Radarsat-1, 2). The conventional InSAR and PSI techniques
have been most widely applied and are discussed in more
detail in the following.

The spatial and temporal coverage of satellite SAR data
depends on the SAR platform (Lu et al. 2010). Early
spaceborne systems (ERS-1, ERS-2, and JERS-1) are of
the strip-mode type, in which the radar look angle is fixed
and the antenna footprint covers a relatively narrow strip
(~50-100-km wide swath) on the surface to one side of
the orbit track (cross-track direction). The new generation
of SAR satellite platforms (Envisat, RADARSAT-1, and
ALOS, and future systems) is capable of acquiring images
in both strip mode and scan mode. A scan-mode SAR
(ScanSAR) can periodically sweep the antenna look angle
to image neighboring sub-swaths in the cross-track
direction, thereby increasing the width of the image swath
to as much as 400-500 km. Strip-mode SAR can only
acquire images suitable for InSAR at the frequency of the
satellite repeat orbit (46 days for ALOS; 44 days for
JERS-1; 35 days for ERS-1, ERS-2 and Envisat; 24 days
for RADARSAT-1 and RADARSAT-2; and 11 days for
TerraSAR-X). ScanSAR can acquire more frequent obser-
vations suitable for InNSAR analysis for a given study area
than is possible with strip-mode SAR, and can signifi-
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cantly improve the temporal resolution of deformation
mapping, albeit at the expense of some loss in spatial
resolution (Guarnieri and Rocca 1999; Holzner and
Bamler 2002). For example, at 45° latitude, Envisat can
acquire 15 ScanSAR images of a target area that can be
combined to produce time-sequential interferograms with
a temporal resolution of 3 days, compared with 35 days
for the same target area when Envisat is operating in strip
mode. Thus, ScanSAR InSAR potentially is suitable for
monitoring transient aquifer-system deformation associ-
ated with sub-weekly to weekly groundwater discharge
and recharge cycles.

InSAR uses radar signals to measure deformation of
the Earth’s crust in high spatial detail and high measure-
ment resolution. InSAR can provide millions of data
points in a large region (10*~10° km?/scene) and often is
less expensive than obtaining sparse point measurements
from labor-intensive spirit-leveling and GPS surveys.
Geophysical applications of InSAR take advantage of
the phase component of reflected radar signals to measure
apparent changes in the line-of-sight (range) distance of
the land surface (Gabriel et al. 1989; Massonnet and Feigl
1998). For landscapes with relatively stable radar reflec-
tors (such as buildings or other engineered structures, or
undisturbed rocks and ground surfaces) over a period of
time, it is possible to make high-precision measurements
of the change in the position of the reflectors by
subtracting or “interfering” two radar scans made of the
same area at different times; the resulting InNSAR image is
called an interferogram. The size of a picture element
(pixel) on a typical interferogram may be as small as
100 m? or as large as tens of thousands m?, depending on
the SAR platform, on the mode of SAR acquisition (strip
mode versus scan mode) and on how the interferogram is
processed.

Under ideal conditions, it is possible to resolve
georeferenced changes in range distance between the
ground and satellite, on the order of 10 mm or less at
the scale of 1 pixel. The component of displacement
measured using InSAR principally is vertical for past and
current SAR systems and depends on the look angle of the
sensor. Since 1998, conventional InSAR has been used
widely to map spatially detailed ground-surface deforma-
tions associated with groundwater pumping (e.g., Galloway
et al. 1998; Amelung et al. 1999; Bawden et al. 2001;
Hoffmann et al. 2001; Bell et al. 2002; Hoffmann et al.
2003a; Schmidt and Biirgmann 2003; Chatterjee et al. 2006;
Pavelko et al. 2006; Sneed and Brandt 2007; Anderssohn et
al. 2008; Hung et al. 2010; Calderhead et al. 2010; Wisely
and Schmidt 2010; Lubis etal. 2011). Figure Sa and b show a
conventional InSAR-derived subsidence map and pro-
files for the Las Vegas Valley, Nevada compared to
historical terrestrial geodetic measurements. Hydrogeo-
logic applications of INSAR were reviewed by Galloway and
Hoffmann (2007).

Persistent (also known as permanent) scatterer inter-
ferometry (PSI) uses a different approach than conven-
tional InSAR for processing SAR imagery, and has been
shown to overcome some of the limitations of the
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conventional InSAR technique. PSI involves the process-
ing of numerous, typically 25 or more, interferograms to
identify a network of persistent, temporally stable, highly
reflective ground features—permanent scatterers (Ferretti
et al. 2000, 2001; Werner et al. 2003). These scatterers
typically are cultural features of the developed landscape
such as buildings, utility poles, and roadways. The time-
series phase measurements for each scatterer are extracted
by estimating a predefined displacement model (typically
a linear, constant-rate model) to provide interpolated maps
of average annual displacements, or the displacement
history, up to the length of a SAR data archive, of each
individual scatterer, thus providing a “virtual” GPS
network with “instant” history. By focusing on temporally
stable targets in the image, temporal decorrelation is
avoided or strongly reduced. Furthermore, most of the
strong and stable reflectors identified represent small
individual scattering elements. For this type of scatterer
though, a larger fraction of the reflected energy remains
coherent for larger interferometric baselines, allowing a
larger set of SAR scenes to be used in PSI analysis than
can be used in InSAR analysis. The large number of
observations available in a typical SAR data set used in a
PSI analysis supports a statistical analysis of the observed
phase histories in space and time, and depending on the
characteristics of the displacements, it often is possible to
separate the phase differences caused by atmospheric
variations and uncompensated topography from those due
to surface displacements. The theoretical limit of the PSI
technique is 1-2 mm in radar-range displacement (Ferretti
et al. 2000).

PSI has been applied primarily in urban environments,
where the density of stable scatterers typically is quite
high (as many as a few hundred per square kilometer).
Over natural terrain, the scarcity of stable targets severely
limits PSI’s successful application. A small number of
investigations have demonstrated a successful application
of PSI in “rural” terrain (Usai 2001; Kircher 2004).
However, the investigations in the Netherlands and west-
ern Germany used stable targets such as houses and other
manmade features that were present in sufficient numbers.
Hooper et al. (2004, 2007) have proposed a modified
algorithm (STaMPS) for natural terrain, but this has been
demonstrated for relatively dry conditions and it is
questionable whether their approach will work over
agricultural areas prone to temporal decorrelation owing
to variable moisture and crop conditions.

A potentially important limitation of PSI, partic-
ularly where scatterer density is small and displace-
ment magnitudes are large, is the necessity to
determine a motion model a priori, that is used to
resolve phase ambiguities. Another limitation of PSI is
the difficulty identifying stable targets in rural and
agricultural areas. Consequently, the majority of PSI
applications have focused on urban areas—for exam-
ple, Paris, France (Fruneau and Sarti 2000); San
Francisco Bay Area, California, US (Ferretti et al.
2004); Bangkok, Thailand (Worawattanamateekul et al.
2004); Phoenix, Arizona, US (Beaver et al. 2005);
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Armo River Basin-Florence, Italy (Canuti et al. 2005);
Berlin, Germany (Kampes 2005); Las Vegas, Nevada,
US (Kampes 2005; Bell et al. 2008); Murcia, Spain
(Herrera et al. 2010) and Mexico City, Mexico
(Osmanoglu et al. 2011). Figure 5c and d show a
PSI-derived displacement velocity map for a portion
of the Las Vegas Valley, Nevada, US and a compaction
time series derived from PSI target DW197 near the
Lorenzi extensometer compared to compaction meas-
ured by the borehole extensometer. The STaMPS
algorithm overcomes some of the limitations of the
PSI technique—fewer interferograms are needed, and
an a priori deformation model is not needed (Hooper
et al. 2007).

LiDAR

Airborne LiDAR is capable of rapidly and accurately
collecting high-resolution elevation data in flat terrain with
9.1-18.2-cm vertical accuracies for high-grade commer-
cial airborne LiDAR data (American Society of Photo-
grammetry and Remote Sensing 2004). Repeat airborne
LiDAR imagery can be used to map large-scale deforma-
tion. Movements greater than 0.36-0.73 m are needed
between LiDAR surveys to resolve land-surface motion
with most high-grade airborne LiDAR, and this limits its
use for many aquifer-system compaction related subsi-
dence cases.

Analysis and simulation

The analysis and simulation of land subsidence
accompanying deformation of aquifer systems owing
to groundwater extraction typically is applied to
unconsolidated alluvial or basin-fill aquifer systems
comprising aquifers and aquitards. It is in these types
of hydrogeologic settings that aquifer-system compac-
tion causes significant and extensive land subsidence.
The aquitards include the spectrum of low-permeabil-
ity, thick and thin fine-grained deposits—discontinuous
interbeds within the aquifers to laterally extensive
confining units separating individual aquifers in the
aquifer system. The interbeds and confining units are
much less permeable than the hydraulically intercon-
nected coarse-grained deposits constituting a single
aquifer. By virtue of their limited lateral extent and
typically smaller thickness the interbeds are concep-
tually distinct from the confining units (Fig. 06).
Various approaches to analyzing and modeling
deformation of aquifer systems follow from the basic
relations between head, stress, compressibility, and
groundwater flow. Analysis and simulation of aquifer-
system compaction have been addressed primarily
using two approaches—one based on conventional
groundwater flow theory (Jacob 1940, 1950) and one
based on linear poroelasticity theory (Biot 1941). The
former approach is a special case of the latter, and
both approaches are based on the Principle of Effective
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Stress (Terzaghi 1923, 1925) which, assuming incom-
pressible solid grains, can be expressed in terms of
stress tensors as:

oy = 0ij — Sip, (1)

or in expanded form

! ! /
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where p is pore-fluid pressure, oy and o;; are components
of the effective stress and total stress tensors of order two,
respectively, 1 and j for i=1-3 and j=1-3, represent the
Cartesian coordinates x, y and z, respectively, and d;; is the
Lifi=j
0,if i #]
fluid such as groundwater, the fluid cannot sustain shear
stress, and therefore the off-diagonal components of the
effective and total stress tensors are equal.

Equation 1 shows that changes in the effective stress
can result from changes in the total stress or changes in
pore-fluid pressure. The total stress is controlled by the
geostatic stress (overburden load) of the overlying
saturated and unsaturated sediments, tectonic stresses,
and other factors such as topography and glacial history.
If the aquitards are close to horizontal and are laterally
extensive with respect to their thickness, the changes in
pore-fluid pressure gradients within the interbeds will be
close to vertical. If one further assumes that the resulting
strains also are close to vertical (zz), a one-dimensional
(1D) form of Eq. 1 becomes

Kronecker delta, where 6;; = { . For a Newtonian

0, = 0u—D, (2)
where o, and 7, are the vertical effective stress and total
stress, respectively. For the case where the total stress
remains constant in time the change in effective stress is
equal in magnitude and opposite in sense to the change in
pore-fluid pressure:

Ac,, = —Ap, for Ac,, = 0. (3)

The chief difference between the two approaches is the
treatment of the deformation of the skeletal matrix.
Conventional groundwater flow theory describes only the
vertical deformation of the matrix (assumes no horizontal
deformation), whereas poroelasticity theory describes the
3D deformation of the matrix. Both approaches describe a
coupled relation between fluid flow, effective stress and
deformation of the aquifer system, but poroelasticity
theory more rigorously couples fluid flow and deforma-
tion, and therefore is more physically realistic albeit more
complex.
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Aquitard drainage model
The origins of the aquitard drainage model are attributed
(Riley 1998) to pioneering works by Terzaghi (1923,
1925) on the consolidation of drained and undrained
saturated clays and by Meinzer (Meinzer and Hard 1925;
Meinzer 1928) who recognized that aquifer-system com-
paction is necessary to account for the amounts of water
produced from aquifers, although he did not ascribe the
deformation to aquitards. Tolman and Poland (1940)
suggested that subsidence caused by groundwater extrac-
tion in the Santa Clara Valley, California was caused
primarily by the largely non-recoverable compaction of
slow-draining aquitards within the confined aquifer system,
marking the conceptual birth of the aquitard drainage model.
Riley (1969) quantitatively applied Terzaghi’s (1923, 1925)
theory of 1D vertical consolidation to the model. This concept
has formed the theoretical basis of many successful sub-
sidence investigations associated with depressuring of porous
media (see Helm 1984a; Holzer 1998; Riley 1998). The
aquitard drainage model is based on conventional ground-
water flow theory and two principles of consolidation
(Terzaghi 1923, 1925)—the Principle of effective stress
(Eq. 2), and the Theory of hydrodynamic gag—describing
the relations between fluid pressure, intergranular stress
and fluid flow.

The standard diffusion equation for 3D transient
groundwater flow can be expressed by

&h  h  h  Ss Oh

2, 0N o oh oS on
Vh_8x2+8y2+822 K ot’

(4)
where

h  is hydraulic head
Sy 1s specific storage, and
K is hydraulic conductivity.

The specific storage defined by Jacob (1940) assumes
the storage changes are proportional to head, the solid
grains are incompressible, and that only vertical deforma-
tion can occur (Cooper 1966):

Ss =p,g(@+ng,), (5)

or expressed another way (Riley 1969),

Ss = Ssi + Ssy (6)
where

a is the vertical matrix or skeletal compressibility,
Ow is the compressibility of water

n is porosity

Pw is the density of water

g is the gravitational acceleration

Ssk is the skeletal specific storage, Ssx = pwge, and
Ss., is the water specific storage, S5, = pwgnp,.
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Fig. 5 a InSAR-derived subsidence, Las Vegas Valley, Nevada, p

April 1992 to December 1997. Contours of historical subsidence are
shown for 1963-2000 (Bell et al. 2008). b Subsidence rates
compared to historic leveling at lines 1 and 10 for given periods
(month/year). ¢ Persistent scatterer InNSAR (PSI) velocity map for
the area outlined by the box in a for the period 18 April 1996 to 28
April 2000; red areas denote subsidence and blue areas, uplift. d
PSI-derived displacements from PSI target DW197 (adjacent to the
Lorenzi extensometer site) and compaction measured at the Lorenzi
extensometer. a—b modified from Amelung et al. (1999); c—d
modified from Bell et al. (2008)

The 1D skeletal compressibility,a, can be defined based
on the ratio of vertical strain to vertical effective stress as

a=-" (7)

Ao,

where Ab = by — b is the change in thickness of a control
volume with initial thickness bgof a deformable geologic
unit. Note, both compaction and compressive stress are
defined as positive values in this formulation. This is the
matrix compressibility used in standard formulations for
transient saturated groundwater flow (Jacob 1940, 1950).
The vertical strain also can be expressed in terms of void
ratio, e by ﬁegﬂ where Ae = e — ey and e, are the change in
void ratio and the initial void ratio, respectively. Thus, the
skeletal specific storage in Eq. 6 can be expressed as

—Aepyg

g _ Abpwg
(1+e9)Ad,

v = =
. boAO'/ZZ

(8)

Two skeletal specific storages can be further defined:
(1) Ssk. for the elastic range of stress where
0,, < O (the previous maximum effective stress); and
(2) Ssyy for the virgin or inelastic range of stress where
o, > J’ZZW. For effective stress less than the previous
maximum effective stress (preconsolidation stress thresh-
old), the compaction or expansion of both aquitards and
aquifers is approximately elastic—that is, approximately
proportional to the change in effective stress over a
moderate range in stress, and fully recoverable if the
stress reverts to the initial condition. For effective stress
greater than the preconsolidation stress threshold, the
“virgin” compaction of aquitards is chiefly inelastic—that
is, not fully recoverable upon decrease in effective stress.
This virgin compaction includes a recoverable elastic
component that is small when compared to the inelastic
component. The virgin compaction is roughly proportional
to the change in logarithm of effective stress. In contrast to
aquitards, typically the compaction of aquifers is chiefly
elastic but it may include a small inelastic component. In
poorly sorted and angular sands, and especially in mica-
ceous sands, the inelastic component may dominate.

The aquitard drainage model is based on the generality
that when aquifer systems are developed, the release of water
from storage in aquitards provides water and aquifers
transmit it to wells (e.g. see Konikow and Neuzil 2007)—
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Fig. 6 Schematic vertical section of an aquifer system comprising
unconsolidated relatively coarse- and fine-grained deposits. The
relatively coarse-grained deposits constitute the aquifers. The
relatively fine-grained units constitute the aquitards—confining unit
and interbeds. Modified from Leake and Galloway (2007, Fig. 1)

that flow in aquitards principally is vertical owing to the
large contrast in hydraulic conductivity between aquitards
and aquifers (generally greater than two orders of magni-
tude). As such, a 1D form of Eq. 4 can be used to describe
groundwater flow in aquitards:

o _ s, on
022 K, ot

©)
where ' denotes material properties of the aquitard, and

K,
Ss\

is the vertical hydraulic conductivity, and

is the skeletal specific storage (Eq. 6), recogniz-
ing that for aquitards in unconsolidated alluvial
aquifer systems o > 8,

Terzaghi (1923, 1925), using a nondimensional form of
Eq. 9, showed that consolidation is essentially complete
when the dimensionless time (7p) is unity, leading to the
notion of a time constant (77) or characteristic time where

t

Ip = ? (10)
Terzaghi (1923, 1925) developed an analytical solution
for an equivalent of Eq. 9 to simulate the equilibration of
head (equivalent pore-fluid pressure) in a saturated clay
sample with uniform initial head where only vertical flow
is permitted, in response to a specified instantaneous step
change in head at the top and bottom of the sample. This
process describes the theory of hydrodynamic lag
(consolidation) which was extended to the analysis of
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aquitard drainage (Riley 1969), and subsequently to the
simulation of aquitard drainage (Helm 1975, 1976).
The theory describes the delay in draining aquitards
when heads are lowered in adjacent aquifers, as well as
any residual compaction of the aquitards that may
continue long after the heads are initially lowered. The
application of the hydrodynamic consolidation theory of
soil mechanics to aquifer-system compaction has been
summarized lucidly by Riley (1969, pp. 425-426).
The time constant 7 for a doubly draining aquitard is
(Riley 1969; Helm 1975, p. 470):
,_ S8y
T=— (11)

z

where b’ is the thickness of the aquitard, S, = S, =S, + 5|
for the elastic range of stress, where Ss and Sske are the
elastic specific storage and elastic skeletal specific storage,
respectively, and S, = Ss, = Ss) for the inelastic range of
stress, where Ss., and Sskv are the inelastic specific storage
and inelastic skeletal specific storage, respectively, and 7’ is
the time, #in Eq. 10, required to attain about 93 percent of the
ultimate consolidation.

As implied by the two definitions given above for Ss'k
(one for elastic and one for inelastic stress), time constants
can be computed for both the elastic (7, )and inelastic (7, )
stress ranges. Detailed development of the hydrodynamic
consolidation theory for soils summarized above for
aquitards is given in Scott (1963, pp. 162-197).

The use of numerical models to simulate and predict
aquifer-system compaction based on the aquitard-drainage
model were developed during the last three decades of the
20th century with the advent of digital computers capable
of numerically solving partial differential equations
rendered as large systems of algebraic equations. Methods
to simulate compaction in aquifer systems based on the
aquitard drainage model were developed by Helm (1972,
1975, 1976), Witherspoon and Freeze (1972), Gambolati
and Freeze (1973), Narasimhan and Witherspoon (1977),
and Neuman et al. (1982).

The numerical formulation of the aquitard-drainage
model led directly to important simulation tools and power-
ful predictive techniques for land subsidence caused by
water-level fluctuations within a confined aquifer system.
The 1D (vertical) model (COMPAC) presented by Helm
(1984b, 1986) computes compaction caused by specified
water-level changes. This approach has been used widely to
analyze compaction, estimate critical aquifer-system param-
eters, and predict future subsidence at borehole extensometer
sites for which there are detailed records of water-level
changes, compaction and (or) subsidence (e.g. Helm 1978,
1984b; Epstein 1987; Hanson 1989; Pope and Burbey 2003,
2004; Liu and Helm 2008a, b).

Other modeling efforts focused on incorporating sub-
sidence calculations in widely used two-dimensional (2D)
and 3D models of groundwater flow. Meyer and Carr
(1979), Williamson et al. (1989), and Morgan and
Dettinger (1996) modified and used finite-difference
models to simulate groundwater flow and subsidence in
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the area of Houston, Texas; the Central Valley, California;
and Las Vegas Valley, Nevada, respectively. Leake and
Prudic (1991) developed the Interbed Storage Package,
version 1 (IBS1), to simulate regional-scale compaction of
interbeds within aquifers using the widely applied mod-
ular groundwater-flow model, MODFLOW (McDonald
and Harbaugh 1988). IBS1 also can be used to simulate
compaction of confining units if these units can be
discretized into one or more model layers (Larson et al.
2001; Nishikawa et al. 2001). MODFLOW and the IBS1
Package have been used to simulate 3D regional ground-
water flow and land subsidence (e.g., Hanson et al. 1990;
Hanson and Benedict 1994; Galloway et al. 1998;
Nishikawa et al. 2001; Kasmarek and Strom 2002;
Hanson et al. 2003a, b; Leighton and Phillips 2003; Don
et al. 2006), as well as 1D groundwater flow and
compaction measured at borehole extensometer sites
(Sneed and Galloway 2000; Pavelko 2003). The IBS1
formulation assumes that during one model time step,
head changes in aquifer material are propagated through-
out the entire thickness of compressible interbeds which
implicity assumes that the interbeds are thin enough for
heads to equilibrate with aquifer head changes during a
single model time step. A similar approach to simulating
regional subsidence and groundwater flow was imple-
mented in HydroGeoSphere (Therrien et al. 2010) and
applied to the Toluca Valley, Mexico (Calderhead et al.
2011).

To address time-dependent aquitard drainage, Leake
(1990) developed the Interbed Storage Package, version 2
(IBS2). Later studies used IBS2 to investigate the
potential effects of land subsidence in the presence of
delay interbeds (e.g., Leake 1990, 1991; Wilson and
Gorelick 1996). A similar approach was reported by
Shearer (1998) to simulate groundwater flow and sub-
sidence, accounting for the time-dependent drainage and
compaction of thick clay units. The SUB Package
(Hoffmann et al. 2003b) updates the functionality of
IBS1 and IBS2 for MODFLOW-2000 (Harbaugh et al.
2000) and MODFLOW-2005 (Harbaugh 2005), and was
used to simulate subsidence in California’s Central Valley
Aquifer (Faunt 2009).

The techniques presented in the preceding for simulating
the aquitard drainage model are based on the assumption that
total or geostatic stress is constant (Eq. 3), which is violated
when heads in an unconfined aquifer are changed; thus, these
techniques tend to overestimate subsidence in developed
unconfined aquifers and any underlying confined aquifers.
Originally developed by Leake (1991) as the IBS3 Package,
the SUB-WT Package (Leake and Galloway 2007) for
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MODFLOW-2000, -2005 simulates geostatic stress as a
function of water-table elevation and is useful for simulating
subsidence in aquifer systems with shallow, unconfined
aquifers. The SUB-WT Package also simulates stress-
dependent changes in storage properties, as does the
COMPAC model. Table 2 summarizes the principal capa-
bilities of the MODFLOW-based subsidence packages and
the COMPAC model.

Poroelasticity model

Unlike the approach taken in development of the aquitard
drainage model using conventional groundwater flow
equations and the 1D specific storage to account for vertical
deformation of aquifer systems, poroelasticity theory
describes the more fully coupled processes of groundwater
flow and the 3D deformation of aquifer systems. The
poroelasticity model can be used to simulate the 3D
displacement of the aquifer system and land surface.
Historically, horizontal strains (and displacements) in sub-
sidence studies have been ignored for various reasons. Jacob
(1940), for instance, ignored horizontal strains in the
derivation of the storage coefficient for mathematical
expediency, but never insinuated that such strains were
negligible. Certainly, the exclusion of horizontal strain
makes analytical calculations far more tractable. Perhaps a
bigger reason why 1D vertical-displacement models have
persisted is because many researchers argue that horizontal
strains are much smaller than vertical strains in most
subsidence investigations and can therefore be ignored.
However, such arguments have been made without sufficient
evidence for their exclusion. Wolff (1970) was perhaps the
first to closely examine the role of horizontal strains during
aquifer testing and concluded that they were indeed
important noting a clearly defined zone of radial compres-
sion centered about the pumping well.

Biot (1941) developed 3D poroelasticity theory. The
general theory accounts for compressible fluid, porous
matrix and solid grains. However, similar to the develop-
ment of the conventional groundwater flow equations, the
presentation here assumes the solid grains are incompres-
sible and follows the development presented by Verruijt
(1969). The assumption of incompressible solid grains in
studies of land subsidence is justified in most cases.
Because the compressibility of individual solid grains is
about 1-2 orders of magnitude smaller than that of pore
water and 2-3 orders smaller than that of the porous
skeleton, solid-grain compressibility is relatively negli-
gible and generally ignored by hydrogeologists in the
study of aquifer-system compaction.

Table 2 Principal features of the MODFLOW-based subsidence models—SUB and SUB-WT, and the COMPAC model

Simulation Feature

SUB SUB-WT COMPAC

3D (layers) groundwater flow and regional subsidence
Variable geostatic loads

Time-dependent (residual) compaction of interbeds
Time-dependent (residual) compaction of confining units
Stress-dependent storage properties of aquitards
Stress-dependent hydraulic conductivity of aquitards
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Transient groundwater flow that incorporates storage
derived from volume deformation of the skeletal matrix
can be expressed as

oh 0
KV*h = —+—= 12
Vih = pugnPy o+ 5, (12)
Ouy ~ Ouy  Ouy, )
X |:(9x +8_y+ aZ:|, or KV-<h
Oh 0
= Ssw o + o Veu,
where
uyy, are the component displacements of the granular
skeleton
u is a vector representing the displacement field of
the granular skeleton, and
V eu represents the volume strain of the skeletal matrix.

Equation 12 is one of many forms of the groundwater
flow equation valid for volume deformation of the aquifer
system. In many compacting basins where the matrix
compressibility is large, the first term on the right hand
side of Eq. 12 representing water compressibility often is
ignored (Helm 1987) for mathematical expedience and
tractability. In order to formulate a complete hydro-
mechanically coupled solution equations relating the
mechanical deformation of the skeletal matrix in terms
of head and displacement are needed (Biot 1941):

0 [Ou, Ou, Ou
A4 G)— | Sx S T
@+ )Ox[ax + Oy + 82}
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a2 a2 oz | PE oy
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0 [Ou, Ou, Ou
=0 — =42 z
A+0)5; {ax T T 82}
e O*u, +82uz O%u, B %
ox2  Oyr 0z P& 5,
=0,0r(A + G)V(V e u) + GV?u — p,gVh
= 0,
where

A is one of Lame’s constants, and
G s the rigidity or shear modulus.
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The development of the set of Eq. (13) is described in
more detail by others (including Wang 2000; Ingebritsen
et al. 2006, pp. 52-54) and is based on force equilibrium
(assuming no change in body force), the constitutive
equations for a homogeneous medium and equations
relating strain and displacement, assuming linear elasticity
and incompressible solid grains. Taken together Eqgs. 12
and 13 comprise four equations and four unknowns (4, u,,
uy, u,) that describe the poroelasticity relations, limited by
the assumptions previously stated, needed to couple 3D
groundwater flow and deformation in aquifer systems. The
simultaneous solution of these equations is achieved using
appropriate boundary and initial conditions, specified
parameter values, and numerical methods to approximate
the partial derivatives.

It is well known that the extraction of subsurface fluids
causes 3D deformation of a pumped aquifer system, and there
are several quantitative analyses of the phenomenon (Verruijt
1969; Sandhu 1979; Hsieh 1996; Burbey and Helm 1999;
Burbey 2001a; Burbey 2005). As Hsieh (1996) notes,
“Analysis of realistic aquifer settings generally requires a
numerical poroelasticity model. This type of model is not
well-known to most ground-water hydrologists.” And, as
others (Gambolati et al. 2000; Burbey 2001b) have shown,
both approaches—conventional groundwater theory and
linear poroelasticity—yield nearly identical head and vol-
ume-strain distributions and therefore, nearly identical vol-
umes of water released from storage owing to subsidence.
Minor differences in the transient behavior of horizontal
surface ground displacements have been shown (Gambolati et
al. 2000). However, the historical focus on groundwater
quantity and secondarily regional head declines in developed
groundwater basins, coupled with the paucity of regional
horizontal-displacement measurements has led to wider
application of analytical and numerical models based on the
simpler conventional groundwater flow theory embodied in
the aquitard drainage model. Nevertheless, shortcomings in
the conventional approach exist (e.g., Burbey 2001a, b;
2002), especially in simulating the displacement field. The
differences in the two approaches particularly are manifest
near pumping centers and where heterogeneities in developed
aquifer systems may contribute to large horizontal movements
and hazards such as earth fissuring, movement of surface
faults, damage to buildings and engineered conveyances (e.g.,
pipelines, drainageways, roadways, and canals/aqueducts).
Burbey (2001b) showed that by ignoring horizontal strain, 1D
subsidence models may overestimate vertical compaction or
the specific storage used to calibrate to the observed
compaction particularly near the pumping well where
horizontal strains can be significant. The increasing capability
to acquire 3D positional measurements using GPS is
providing more information on horizontal movements at land
surface and thereby insight, motivation and constraints for
using poroelasticity models. For example, Burbey et al.
(2006) and Burbey (2006) used horizontal and vertical GPS
measurements during a 60-day aquifer test to calibrate a
groundwater flow and deformation model with water-level
measurements from only the pumping well. The nature of the
horizontal deformation signal allowed them to identify a
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normal fault and to characterize the properties of the fault.
These results reveal the potential importance and power of
obtaining horizontal and vertical deformation measurements
in the analysis of stressed aquifer systems. Water-level signals
alone typically are inadequate for characterizing storage
properties because small water-level changes generally are
insensitive to storage changes. Conversely, even small storage
changes often are reflected in the horizontal and vertical
deformation signals (Burbey 2006).

Poroelasticity models based on numerical solution of
Eqgs. 12 and 13 have been used in several different
hydrogeologic applications, a few of which are mentioned
here. Finite-element solutions have been applied extensively
in soil compaction and land subsidence analyses (Sandhu
1979). Hsieh (1996) used a 2D axisymmetric finite-element
program (BIOT2D) to simulate deformation and deforma-
tion induced changes in hydraulic head including the
Noordbergum reverse water-level effect attributed to local
compression and transient increased pore-fluid pressure in an
aquitard in response to pumping from an adjacent aquifer.
Burbey and Helm (1999) implemented the granular displace-
ment model (GDM) which uses an iterative approach at each
time step to numerically solve for the displacement field
which is then used to compute heads using MODFLOW
(McDonald and Harbaugh 1988) which are then used to
solve for the displacement field, and so on until convergence
of both head and displacement is achieved. Coupling
between Egs. 12 and 13 in GDM is described as weak but
stable and produces accurate results for flow-induced
displacement that compare favorably with Hsieh’s (1996)
model (Burbey and Helm 1999). GDM was used to simulate
displacement fields near low-permeability barriers (such as
faults) in basin-fill deposits in Las Vegas Valley, Nevada and
demonstrated that regional groundwater extractions can
cause large horizontal strains near faults and likely play a
key role in the development of earth fissures (Burbey 2002).
Helm (1994) and Li (2007a, b, ¢) demonstrated horizontal
transient movement of confined and unconfined aquifers
with an analytical analysis of the velocity and displacement
fields and showed that possible tensile stress due to ground-
water discharge and recharge may occur and cause earth
fissures along the boundary between the strain extension and
compression zones near a pumping well. Kim and Parizek
(1999) adeptly introduced deformation-dependent porosity
and hydraulic conductivity into a Biot style poroelasticity
code to reveal that deformation dependencies of the
hydraulic properties induce nonlinear consolidation, which
diverge from deformation patterns produced by mathemat-
ical models that use constant hydraulic parameters.

Other constitutive models: nonlinear poroelasticity
and poroviscosity

In addition to the aquitard drainage and linear poroelastic
models, other constitutive models have been introduced for
investigation of land subsidence caused by groundwater
withdrawals. Analytical solutions for nonlinear poroelastic
models were developed for material displacement and
velocity accompanying subsidence caused by artificial
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discharge and recharge (Li and Helm 2001a, b; Li 2000,
2003). The theory of poroviscosity also was introduced for
the study of land subsidence (Helm 1998) to more
adequately address the behavior of argillaceous material
subjected to deformation caused by the flow of water
through a saturated sedimentary material that can be
described as a nonlinear viscous fluid (Jackson et al. 2004).
The advantages of poroviscosity theory over the traditional
aquitard drainage model or poroelasticity theory is that it
incorporates the three continuous phases of material behav-
ior into one unified time-dependent theory, something that
poroelasticity theory must define as three separate physical
processes which must be estimated in a linear fashion. These
three transient processes are referred to as instantaneous
(early time), primary consolidation (intermediate time) and
secondary consolidation (late time) and often can be
identified in laboratory consolidation tests. For example,
Fig. 7 shows the results from a constant-load consolidation
test (Taylor 1948) where these three processes can be readily
observed as an initial strain (instantaneous) followed by
primary consolidation and finally secondary compression.
The latter process is identified as the portion of the curve that
deviates from the tangent to the primary consolidation curve.
Furthermore, the poroviscosity theory intrinsically allows for
the transient behavior of porosity and hydraulic conductivity
during consolidation, making it a powerful mathematical
description of porous material. The models describe both the
transient and dynamic (e.g., seismic) processes. The tangent
line shown in Fig. 7 illustrates the linear approximation
poroelasticity theory uses to approximate primary consol-
idation. Poroelasticity cannot intrinsically accommodate
early time or late time consolidation.

Helm’s (1998) 1D poroviscosity constitutive relation
describing a laterally confined material undergoing axial
deformation is

(14)

dn

where 7 is the dynamic viscosity, 7/ is the time rate of

change of viscosity, 4 is the time rate of change of strain,
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Fig. 7 One-dimensional consolidation test curve showing three

independent physical processes—instantaneous strain (initial),

primary consolidation (intermediate time) and secondary compres-
sion consolidation (late time). Modified from Taylor (1948)
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and A4 is a dimensionless poroviscous constitutive constant
coefficient. The two expressions in Eq. 14 can be
combined to form a single compact expression:

do' / , d’*c /de de

— =|—-=/— —/4 15
a ) ° (dﬁ/dt) + (dz/ ) (15)
where % is the time rate of change of 4. Equation 15

represents a powerful nonlinear expression that describes
all three phases of observed compression (Fig. 7) and
there is only one constant coefficient, A4, that requires
determination through laboratory testing (analogous to
Young’s modulus in poroelasticity theory). Equation 15
can be used to define the normal stress (the diagonal terms
of Eq. 1) and the mean normal effective stress, a'm in terms
of strain rates and dynamic viscosity. Darcy-Gersevenov
law (Helm 1987) coupled with stress equilibrium and
mass balance yield a governing equation in terms of the
displacement field of solids and mean effective stress:

d K31 +2G K
%—gV(Vou) =g, +——Von

16
3pw8g PwE (16)

where K is the hydraulic conductivity matrix, o, is the
mean normal stress, and q is the bulk flux defined as

(17)

where vy is the velocity of solids (skeletal matrix). The right-
hand side of Eq. 16 represents a forcing function and can be
used to account for various types of boundary conditions.
Helm (1998) and Jackson et al. (2004) concluded that the
right-hand side of Eq. 16 is negligible in 1D consolidation
problems and can be ignored. Jackson (2005) developed a
1D poroviscosity model based on Egs. 15 and 16 and
incorporated this theory into COMPAC (Helm 1986).

Several analytic and numerical models of poroviscosity
were established by Li and Helm (1995, 1997 and 1998)
for 3D land movement. A complete description of the full
development of both the 1D and 3D poroviscous theory
can be found in Jeng (2005). Analytical solutions for the
models of poroviscosity and elasto-viscosity were devel-
oped for subsidence with specified boundary conditions
(Li and Helm 2000, 2001c¢). The incorporation of
poroviscosity theory into numerical models holds great
promise for accurately simulating observed deformational
behavior in heavily pumped basins where subsidence of
fine-grained deposits is problematic. One-dimensional
analytical (Helm 1998) and numerical (Jackson et al.
2004) solutions using poroviscosity theory have accu-
rately simulated all three phases of consolidation shown in
Fig. 7 using laboratory measurements of clays.

g, =Vvs —KVh

Suggested topic areas for future research

Additional research and development to improve the
assessment, analysis and prediction of processes associ-
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ated with the compaction of susceptible aquifer systems
and the accompanying subsidence and ground ruptures are
needed to support resource management and hazard
mitigation measures. The suggested principal research
topic areas include the hydromechanical behavior of
aquitards, the role of horizontal deformation, the applica-
tion of differential interferometry, and the regional-scale
simulation of coupled groundwater flow and aquifer-
system deformation.

Hydromechanical behavior of aquitards

In practical terms, aquitards, whether distinct hydrogeo-
logic units (confining units) within an aquifer system or
interbedded fine-grained deposits (interbeds) within an
aquifer, principally are responsible for aquifer-system
compaction and land subsidence accompanying the
development of groundwater resources. The role of
aquitards (especially thick ones) in this process is typified
by the problems of determining flow in low permeability
(K<10™® m/s) environments, thoroughly summarized by
Neuzil (1986). The problems can be grouped roughly in
terms of scale (temporal and spatial), measurement
capability (laboratory and in situ) and coupling of stress-
dependent processes. In practical terms, the problem of
flow in low-permeability environments may be summar-
ized as follows (Neuzil 1986): How can knowledge of
behavior at small scales be extrapolated to large dimen-
sions and long periods of time?

Scale

Presently, the practical temporal scale of interest in terms
of historic and future (management planning horizons)
land subsidence accompanying groundwater-resources
development is on the order of a couple centuries—
roughly, one in the past and one in the future. Thus, for
purposes of this discussion the hydraulic (Darcian) and
nonhydraulic (e.g. osmotic) flow processes that occur on
geologic time scales (hundreds of centuries or more) are
de-emphasized, realizing that the anthropogenic influences
are superimposed on these natural processes. Generally,
this includes the nonhydraulic flow processes, and those
hydraulic flow processes related to continental tectonic
and long-term cyclical climatic processes (e.g., glacial
epochs). Osmotic flow is a nonhydraulic process that
occurs on time scales similar to hydraulic flow, but
osmotic flow only causes a change if the chemical driving
forces (salinity patterns) change. In most of the settings of
interest for subsidence that is not an issue.

Spatially, uncertainties related to small-scale hydraulic
and material properties and behavior strongly affect the
ability to understand and analyze large-scale behavior.
This is a general problem related to heterogeneity and
upscaling in hydrogeology (de Marsily et al. 2005;
Gomez-Hernandez 2006) associated with sampling, test-
ing and measuring representative properties and responses
both in the laboratory and in situ. For aquitards this
general problem is compounded by low permeability, and
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some of the advantages of in situ vs. laboratory testing are
diminished by difficulties both in imposing sufficient in
situ hydraulic/mechanical stresses and in reliably measur-
ing in situ responses in feasible time frames. Generally
however, in normally- to over-consolidated alluvial and
basin-fill sediments porosity (and thus groundwater
storage) and permeability tend to decrease with increasing
depth owing to processes of natural consolidation and
diagenesis (Ingebritsen et al. 2006).

Measurement capability
In situ testing of aquitards was reviewed by Neuzil (1986)
and includes single- (e.g. Bredehoeft and Papadopulos 1980)
and multiple-well aquifer tests (e.g. Neuman and
Witherspoon 1972), and large-scale consolidation tests (e.g.
Riley 1969; see the previous section Extensometry). The
former test is designed to directly stress and measure the
transmissive properties of low permeability units but is
limited by the volume of aquitard material that can be
influenced by the test and the inadequacy of the method to
provide reliable storage property estimates. Hydraulically,
the latter two tests are more indirect and depend on the
aquitard response (leakage) to stresses in the adjacent
aquifers. These tests are capable of evaluating larger
volumes of aquitard (generally, the affected aquitard volume
is typified by large area and small thickness) but are limited
by shortcomings in measuring capabilities of hydraulic
heads in aquitards. Both of these tests frequently are used
to estimate storage properties of the aquitards; the large-scale
consolidation test is capable of directly measuring compac-
tion of the aquifer system and estimating aquitard skeletal
storage properties. Each of the in situ tests are limited by the
number of available or emplaced wells and the population of
discrete penetration depths used to characterize the process.
In the context of the aquitard drainage model, the
previous maximum vertical effective stress of the
aquitards typically is used to define a stress threshold
beyond which the material deforms inelastically
(visco-clastically) and within which deformation is
elastic. Nearly all of the inelastic deformation gen-
erally is considered irreversible. The compressibility of
the aquitards in the inelastic range of stress typically
is 1-2 orders of magnitude larger than for the elastic
range of stress (Riley 1998). Thus, depending on
aquitard thickness, resulting compaction and accom-
panying subsidence is significantly larger for stresses
greater than the preconsolidation stress. Historic,
predevelopment groundwater levels, assuming fluid-
pressure and thus effective-stress equilibrium, fre-
quently are used to estimate steady-state heads and
to constrain estimates of initial (immediately prior to
groundwater resources development) preconsolidation
stresses in the aquitards throughout the aquifer system.
Typically, alluvial groundwater basins are overconsoli-
dated; native preconsolidation stresses generally are
somewhat larger than the predevelopment effective
stresses, and land subsidence occurs only after
substantial drawdowns have increased effective
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stresses beyond the native preconsolidation stress.
Holzer (1981) identified various natural mechanisms
that can result in an overconsolidated condition in
alluvial basins; these mechanisms include removal of
overburden by erosion, prehistoric groundwater-level
declines, desiccation, and diagenesis. Because the
preconsolidation stress is dependent on the total-stress
history of the materials constituting the aquifer
system, an accurate determination of the preconsolida-
tion stress is not possible using predevelopment heads
alone. Estimates can be constrained using other
knowledge of the stress history of the system, for
example geologic loading (depositional) and unloading
(erosional), but this knowledge rarely is available in
sufficient detail. Therefore, estimates of initial precon-
solidation stresses constrained by historic groundwater
levels often are highly uncertain. Nevertheless, when
paired (temporally and spatially) groundwater-level
and subsidence measurements are available this
method has been used to estimate the initial precon-
solidation stress (critical head) based on the ground-
water level at which the rate of historical subsidence
increased markedly (e.g., Holzer 1981; Anderson
1989; Sneed and Galloway 2000; Pavelko 2003).
Laboratory consolidation tests could be used but they
are rarely available for periods prior to the develop-
ment of regional groundwater resources. However, in
sufficiently thick confining units, where portions of the
aquitards are not yet affected by head changes in the
aquifers recent or contemporary laboratory consolida-
tion tests on samples collected from those portions
could be used. Transient (post-development) aquitard
preconsolidation stresses can be determined from
borehole extensometers using paired time series of
groundwater level and compaction (Riley 1969).
However, though useful, this method is problematic,
especially for thick aquitards, because these water
levels tend to be more representative of heads in the
aquifers rather than the aquitards owing to hydro-
dynamic lag between aquifers and aquitards in the
aquifer system. More often preconsolidation stress,
constrained by in situ or laboratory data, is incorpo-
rated as a calibration parameter in numerical simu-
lations of groundwater flow and aquifer-system
compaction where the calibration parameters are
computed (inverse problem) based in part on observed
water levels and compaction and (or) subsidence (e.g.,
Hanson et al. 1990; Hanson and Benedict 1994,
Galloway et al. 1998; Sneed and Galloway 2000;
Leighton and Phillips 2003; Hanson et al. 2004; Liu
and Helm 2008a, b). The simulated magnitude of
subsidence is highly sensitive to predevelopment
preconsolidation stress in many of the numerical
models. The inverse problem is highly significant in
low permeability environments because it may be the
only means of estimating parameter values appropriate
at large scale. The interactions between preconsolida-
tion stress, elastic and viscoelastic strain, and flow are
complex but important in a variety of settings. An
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important area for research now would seem to be
investigation of methods to obtain reliable measure-
ments of head and stress changes in thick aquitards
accompanying groundwater resources development that
can be used to formulate appropriate models of long-
term aquifer-system compaction. The shortcomings of
existing approaches and models are most pronounced
for the prolonged flow transients in susceptible
groundwater basins and limit the assessment of
sustainable water-use strategies. This is relevant to
the issue of ongoing head declines in thick aquitards
and thereby compaction and subsidence even when
heads in the aquifers stabilize or recover. This has
been observed on seasonal and annual scales in a
number of studies (e.g. Riley 1969; Wilson and
Gorelick 1996; Pavelko 2000; Sneed and Galloway
2000; Hoffmann et al. 2003a), and the delayed flow
transients have been addressed in the Dakota aquifer
system where drawdowns have largely slowed or
ceased but water is still presumably leaking from
storage in the thick low-permeability shales (Konikow
and Neuzil 2007).

Coupling of stress-dependent processes

More research and application is needed to address the
stress dependence of aquitard storage and hydraulic
conductivity. Though it is well known that these param-
eters decrease temporally with increasing effective stress
and generally decrease with depth many regional ground-
water-flow and aquifer-system compaction models do not
simulate temporal- or depth-dependent variations in these
parameters. Particular exceptions include Helm (1976),
Neuman et al. (1982) and another using a 3D porous
media model (Kim and Parizek 1999; Kim 2005; Kihm et
al. 2007) where temporal variations in saturated hydraulic
conductivity were included by making them dependent on
the volume strain according to the relation

oo (0o
0 ° (18)

where K, and n, are the saturated hydraulic conductivity
and effective porosity, respectively, prior to consolidation.
No provision was made, however, for temporal changes in
skeletal specific storage in this model. A generalized
relation (Helm 1975) of the variation in skeletal specific
storage with depth is shown in Fig. 8. The slopes of the
secants AB and CB on Fig. 8 represent a linear
approximation (Eq. 8) of S;,, and Sj,, , respectively.
However, laboratory consolidation test data especially for
fine-grained samples (clays and silts) indicate a strongly
nonlinear stress-strain relation (e.g. solid lines on Fig. 8);
empirically, the relation typically has been defined using
the inverse slope of a best-fitting straight line to a plot of
log,yo. versus e. The slope, is a constant coefficient for
the sample, the compression index, C. or the recompres-
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Fig. 8 Idealized stress-strain relation for a saturated volume
element of compacting clay. The black lines indicate the empirical
relation typically observed in laboratory consolidation tests and the
red lines indicate the average slope of the strongly nonlinear
portions of the empirical relation. These slopes for virgin compres-
sion and recompression represent average (constant) values of
inelastic and elastic skeletal specific storage, respectively. The grey
line indicates a maximum expected vertical effective stress in the
depth interval of groundwater production for water-resources
supplies. Modified from Helm (1975, Fig. 4)

sion index, C; for the inelastic and elastic ranges of stress,
respectively, where for example:

_ —Ae
‘< Alogloa'/zz

—de —Aeo,
d(logyo,) — 0.434A0),,"

~

(19)

The relation between the compression and recompres-
sion indices and skeletal specific storage can be obtained
by substituting Eq. 19 (and its equivalent for C,) expressed
in terms of Ac’,, into Eq. 8 giving

0.434Cp,g

S5y = : 20
Sk o'(1+ep) (20)
and
0.434C,p, 2
SSje = ————2 21
ke o'(1 + ep) (1)

Note that skeletal specific storage is inversely propor-
tional to ¢’ in these formulations. Leake and Galloway
(2007) argue, “For deep sediments, o' will be large, and
reductions in fluid pressure resulting from ground-water
pumping are not likely to make large percentage changes
in o'. For that case Ssi, and Ssy. can be treated as
constants with little resulting error. On the other hand, for
shallow sediments where o’ is relatively small, changes in
fluid pressure could result in relatively large percentage
changes in o'.” See Helm (1976), Jorgensen (1980) and
Leake and Galloway (2007) for a summary of the
development of Eqgs. 19-21.
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The approach is generalized for regional 3D MOD-
FLOW simulations in the SUB-WT Package (Leake and
Galloway 2007) and demonstrated in a comparison of
simulations using stress-independent and stress-dependent
skeletal specific storage formulations for a groundwater
basin in Antelope Valley, California (Leake and Galloway
2010). Compared to constant values of Ssy, simulated in
the existing calibrated model using IBS1 (Leighton and
Phillips 2003), stress-dependent values of Ssy, simulated
using SUB-WT decline. For the upper unconfined aquifer
(model layer 1) and the underlying middle confined
aquifer (model layer 2), model computed values of Ssy,
at two locations (bench marks) decline during the
simulation period (1915-1995) by 56 and 36%, respec-
tively, for layer 1 and by 23 and 15%, respectively, for
layer 2 (Fig. 9). Greater reductions occur in the shallow
unconfined aquifer than in the underlying middle confined
aquifer because the increase in ¢’ is greater in proportion
to starting ¢’ of the upper unconfined aquifer. Despite the
significant differences in Ss) both models successfully
simulated the historical time series of land subsidence at
both bench marks, however, adjustments to starting values
of Ss),and differences in values assigned in model layers
1 (higher values) and 2 (lower values) were necessary for
the depth-dependent (SUB-WT) simulations. These results
underscore the nonuniqueness of the problem and the
critical need for further development of more accurate and
powerful regional modeling tools such as poroviscosity
theory, despite its greatly increased data requirements. It
could be argued that the appropriate governing properties
can only be determined in situ—at the length and time
scales of interest—but that in situ methods yield nonunique
results as described here.

The limitations of using stress-independent skeletal
specific storage formulations in settings where transient
compaction is occurring include: (1) overestimation of
subsidence projections under conditions of increasing o’
owing to unaccounted future reductions in skeletal specific
storage; (2) the tendency to misrepresent compaction and
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Fig. 9 Simulated temporal variations in inelastic skeletal specific
storage for two model layers representing an upper unconfined
aquifer and an underlying middle confined aquifer at locations of
bench marks 474 and 479 in Antelope Valley, California. Modified
from Leake and Galloway (2010)
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head distributions in regional unconfined aquifers that
undergo large drawdowns; (3) the possibility of misrepresent-
ing the vertical distribution of compaction by specifying
identical bulk values of skeletal specific storage for multiple
model layers with interbedded aquitards, which tacitly
assumes that deeper layers are lithologically different such
that they are more compressible than shallower layers—a
condition that may exist but typically does not. In a 1D vertical
simulation of a 4.69-m thick homogeneous, doubly-draining
aquitard from Pixley, California, Helm (1976); Fig. 10)
concluded that K’Z is proportionally more reduced than Ss|
and suggests that simulating thick aquitards with stress-
independent hydraulic parameters (e.g. using the SUB
Package) can lead not only to overestimation of ultimate
compaction but also to underestimation of 7' (Eq. 11).
These inaccuracies must be weighed against inaccurate
characterizations of the aquifer system at a more fundamental
level. For example, identification and definition of the
aquitards and their hydromechanical properties, and the
uncertainties regarding gradational characteristics of aquitard
boundaries, and the heterogeneity of aquitards and aquifers
are all important in a site-specific, predictive context. For
regional-scale models this level of detail likely is not feasible
and as such only generic behaviors may be simulated.
Additionally, further challenges of accurately simulat-
ing the behavior of compacting aquitards can occur when
the poromechanical and physical properties of the media
are significantly altered such that the flow conditions
through the material can be greatly modified. Such is the
case with the fluvio-lacustrine sediments occupying the
Mexico basin surrounding Mexico City where in parts of
the basin subsidence rates have exceeded 400 mm/yr and
remained at an astonishingly high level for decades, and
more than 13.5 m of subsidence has accrued (Auvinet
2009). Rates of nearly 350 mm/yr have been measured
recently (Cabral-Cano et al. 2008). The large subsidence is
attributed not only to large pumping rates but also to the
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Fig. 10 Temporal (1959—-1971) and spatial (depth) distributions of
inelastic skeletal specific storage (red curves) and vertical hydraulic
conductivity (black curves) simulated in a thick (4.69 m) doubly
draining aquitard from Pixley, California. Simulated values are
shown only for the half thickness of the aquitard owing to vertical
symmetry with respect to the aquitard horizontal midplane

(Z = :I:%0 = 2.345m). Modified from Helm (1976; Fig. 13))
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nature of the compacting clayey materials, which are
described as allophanes. Allophanes are unique in that
intermolecular water became part of the structure of the
material during deposition and diagenesis (Carreon-Freyre
2010). Prior to consolidation these allophanes can possess
gravimetric water contents in excess of 400% by volume
(Alberto-Jaime and Méndez-Sanchez 2010). Once these
clays have been stressed and the water has been removed
they can shrink to 25-30% of their original volume.
Furthermore, these allophanes experience virtually no
swelling upon rewetting (Alberto-Jaime and Méndez-
Sanchez 2010; D. Carreén-Freyre, Centro de Geociencias
UNAM, personal communication, 2010). Upon compac-
tion, the flow properties of these materials are greatly
altered. Typical clays result in a /reduction in overall
vertical hydraulic diffusivity (K, /Ss 2 as a result of a loss
of water content. These deposits, however, may con-
versely experience an increase in vertical hydraulic
diffusivity because of their greatly reduced thickness,
changed morphology and poromechanical behavior.
Ortega-Guerrero et al. (1999) developed a 1D subsidence
model of the Chalco Basin region of Mexico City. Using
log-dependent changes in void ratio and hydraulic
conductivity as a function of stress, they aimed to replicate
existing subsidence patterns at a single point in the Chalco
Basin. They deftly adapted thickness changes of model
node locations to more adequately simulate the transient
spatial location of compacting units and were able to
reproduce quite well the observed compaction record at
their site. Their model, however, attempted only to
quantify primary compaction and was not flow-dependent,
which would create a tremendous challenge for multi-
dimensional poroelasticity regional flow models.
Poroviscosity theory, on the other hand, would likely
be capable of replicating not only the material property
changes of the aquitards, but also the flow property
changes through them. The key in poroviscosity theory
would be to adequately describe the poroviscous constant
A (Eq. 15), using laboratory experiments. The future
challenge will be to expand 3D poroviscosity theory (Jeng
2005) to an applicable regional-scale model with identi-
fiable boundary conditions so that it could be applied to
settings such as the Mexico City basin. For one
dimension, Jackson et al. (2004) have shown the viability
of the poroviscous model. However, Jeng (2005) con-
cluded that adapting the poroviscous theory to multiple
dimensions in numerical models would be a tremendous
challenge unless certain limitations and assumptions for
boundary conditions at the regional scale are made. This
represents an important direction for subsidence research.

Horizontal motion

Horizontal displacement occurs in aquifer systems in
response to pumping and seasonal recharge/discharge
stresses (Wolff 1970; Carpenter 1993; Helm 1994; Hsieh
1996; Bawden et al. 2001; Burbey 2001a, b; Li 2007a, b,
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c). However, in areas of subsidence attributed to fluid
withdrawal, horizontal displacement of the land surface
has been measured only at a few places. Fewer examples
exist where these measurements have been incorporated
into analyses and simulations of aquifer-system deforma-
tion, but when observed horizontal displacements have
been used to constrain numerical models they have been
shown to reflect the hydraulic properties of the aquifer
system and were therefore used to characterize the aquifer
system in ways that hydraulic heads alone could not
(Burbey 2006; Burbey et al. 2006). In compacting aquifer
systems, the subsidence generally is regional and wide-
spread so that regional-scale lateral (sub-horizontal)
strains are rarely as large as 2 ppm and resulting
regional-scale tilts generally are less than about 1.16%
107 radians (240 arcseconds). Locally, however, lateral
strains may be large such as near pumping wells where
hydraulic gradients are large, near where the aquifer
system thins abruptly above inflections in the basement
topography of the aquifer system, and near the boundaries
of hydrogeologic units with contrasting hydraulic and (or)
mechanical properties (Galloway et al. 2008). More
research is needed to eclucidate the role of horizontal
strains in the formation of earth fissures in basins
susceptible to aquifer-system compaction. Recent inves-
tigations reveal the importance not only of horizontal
strain in the development of some earth fissures, but also
of shear on vertical planes and rotational stresses (Budhu
2011). Lithologic variations such as the degree of
cementation in alluvium (Budhu 2011) and geologic
structures such as faults play an important role not only
in the development of fissures but also in their location
(Hernandez-Marin and Burbey 2009, 2010a).

Differential interferometry

Synthetic aperture radar (SAR)

Galloway and Hoffmann (2007) noted that new and future
InSAR capabilities would enhance understanding of the
coupled hydromechanical responses of complex aquifer
systems to natural and anthropogenic stresses. The
successful implementations of the ALOS-PALSAR
(2006—present), COSMO-SkyMed constellation (2007—
present), TerraSAR-X (2007—present) and TanDEM-X
(2010—present) SAR satellite platforms are helping.
InSAR derived displacement data used in concert with
other hydrogeologic information can be used to improve
definition of the structural, depositional, and hydrome-
chanical heterogeneity of thick alluvial aquifer systems, to
delineate areas prone to earth fissures and residual
compaction, to identify elastic and inelastic strain regimes,
to define preconsolidation thresholds, and to provide
estimates of some of the governing aquifer-system
hydraulic properties (e.g.Ss,, andK,in Eq. 9). Specific
applications development is needed not only to improve
integration of ground-based geodetic data with InSAR, but
also to improve the use of InSAR in constraining hydro-
geologic models, and thereby improve resource assess-
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ments and potentially, sustainable development of these
systems susceptible to aquifer-system compaction. This
kind of integration of assessment information has been
used to provide improved mapping, monitoring, and
insights into the controlling geologic, hydrologic, and
anthropogenic factors (e.g. Phillips et al. 2003; Teatini et
al. 2005), but generally is underutilized by hydrogeolo-
gists (Hoffmann 2005). Increasing use of numerical
groundwater flow models to evaluate optimal alternative
management strategies that include subsidence mitigation
is needed (e.g. Danskin et al. 2003; Phillips et al. 2003;
Danskin et al. 2006). As Hoffmann et al. (2003a) have
shown, InSAR can be used to constrain and improve these
models, but because time constants of compacting aquifer
systems typically can be decades or longer, the ability to
constrain these systems using SAR data available only
since 1992 has been limited. As more SAR data suitable
for interferometry become available, better models, pre-
dictions and management can result. Other promising
future applications of InSAR include evaluating horizontal
deformation in aquifer systems (e.g. Burbey 2001la,b,
2002, 2005; Hoffmann and Zebker 2003; Dehghani et al.
2010; Lubis et al. 2011), and using small baseline subset
(SBAS) techniques (Berardino et al. 2002) for improving
conventional InSAR mapping over agricultural areas
(Reeves et al. 2010).

PSI can contribute to each of the applications discussed
in the previous and should enhance capabilities to detect
and monitor ground displacements in critical agricultural
areas heavily dependent on groundwater supplies and
other areas where coherent InSAR is limited by poor
temporal coherence. PSI has been more widely applied in
Europe and many potential applications exist in North
America, Asia and elsewhere. The use of PSI to monitor
aquifer-system compaction and subsidence along the
California Aqueduct in the agricultural San Joaquin Valley,
California is currently underway (M. Sneed, US Geo-
logical Survey, personal communication, 2011). A hybrid
approach using PSI and conventional InSAR shows
promise for monitoring subsidence in some agricultural
areas (e.g. Dehghani et al. 2010).

Synthetic aperture sonar (SAS)

Developments in SAS interferometry for underwater,
buried mine detection, marine archeological exploration,
bathymetric mapping and change detection of the seabed
(Seebe 2010) hold promise for monitoring sea floor
subsidence. Most of the potential applications would be
applicable to subsidence induced by the extraction of oil
and gas from near shore and offshore hydrocarbon
reservoirs. New techniques using autonomous underwater
vehicles (AUVs) overcome some of the problems asso-
ciated with sonic-wave multipath propagation errors
associated with salinity and temperature variations, and
platform motion errors associated with variable environ-
mental conditions at the sea surface. Research on the
deployment of arrays of stable artificial sonic targets on
the seafloor shows promise in mitigating the temporal
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decorrelation problems associated with dynamic sediment
transport on the seabed (S. Biagini, NURC-Italy, unpub-
lished paper, 2010; De Paulis et al. 2010).

Simulation

Future developments are needed in the general approaches
to simulating subsidence accompanying aquifer-system
deformation induced by groundwater extraction—the
aquitard drainage model and poroelasticity/poroviscosity
models. The aquitard drainage model approach embodied
in the MODFLOW simulation capabilities has proven
useful for regional simulations of groundwater flow,
aquifer-system compaction and land subsidence. Its
strength is the ability to incorporate a wide variety of
hydrogeologic features along with generally simple sub-
sidence formulations expressed in hydrogeologic terms in
a single modeling system. As such it has been used in
groundwater systems where subsidence mitigation is a
component of the management of water resources. Its
principal weakness derives from its use of the 1D storage
coefficient (assumption of vertical stress and strain only)
which renders the coupling of fluid-pressure (volume
stress) changes with deformation (uniaxial-vertical) inca-
pable of simulating horizontal components of displace-
ment; therefore, this approach is not applicable in regions
where horizontal motions are significant—particularly at
local scales as previously discussed. Another shortcoming
is the inability presently to model aquifer systems that
simultaneously exhibit features simulated by the SUB
Package (time-dependent drainage and compaction of
thick aquitards) and the SUB-WT Package (changing
geostatic stress and stress-dependent skeletal specific
storage). Incorporation of these capabilities into a single
subsidence simulator would enhance flexibility and
facilitate applications to commonly encountered devel-
oped systems with a water-table aquifer overlying a
confined aquifer system.

The poroelasticity and poroviscosity modeling
approaches more rigorously describe the coupled pro-
cesses of groundwater flow and the 3D deformation of
aquifer systems. Applications of these approaches to
aquifer systems susceptible to groundwater-extraction-
induced subsidence largely have focused on exploring
and explaining possible behaviors of deforming aquifer
systems where horizontal motion is expected. The paucity
of three-component deformation data at depth and at land
surface has been one factor limiting their wider use. Other
significant factors limiting their use include the more
complex formulation of the methods, their intensive
computational requirements to simulate realistic flow and
aquifer-system deformation problems at regional scales,
and the scarcity of publicly accessible modeling software
and the data on aquifer-system properties sufficient to
constrain these models. For example, the applications of
the poroelastic model previously presented by Kim (2005)
and Kihm et al. (2007) were for small aquifer systems,
generally less than 1,000 mx 1,000 m*50-m thick. Both
studies indicated the need for more 3D head and
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deformation data to constrain the models. Recent applica-
tions of these approaches have been effective in providing
insights into the accumulation of groundwater-extraction
induced stresses and strains near earth fissures and pre-
existing surface faults, and into the genesis of earth
fissures (Hernandez-Marin and Burbey 2009, 2010a, b).
Future developments will benefit from applications
where simulations can be constrained by enhanced
three-component displacement data obtained in deforming
aquifer systems.
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